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The slope-change method for determination of activation energies of migrating defects is
examined using computer-generated data based on a simplified model of the annealing of
quenched gold. It is shown that there are two well-defined activation energies. One is the
instantaneous activation energy which is characteristic of the defect-annihilating step. The
second is the apparent activation energy which is characteristic of the rate-limiting annealing
step. The two activation energies can be obtained only if accurate time derivatives of the
defect concentration are examined. These ideas are applied to the annealing of high-purity
gold quenched from 975°C. The resistance-annealing curves and their first and second deriv-
atives are studied using a new measuring technique which yields continuous plots of the re-
sistance. The annealing curves are consistent with a simple model involving single vacancies,
divacancies, and a time-dependent sink concentration. The instantaneous activation energy
is 0.52 £0.03 eV and is identified with the divacancy-motion energy. The apparent activation

energy is between 0.70 and 0,95 eV.

I. INTRODUCTION

Quenching experiments are used extensively to
examine the behavior of defects in metals., In
these experiments, an excess of defects is pro-
duced and then allowed to anneal out. The decay
of the excess defects is followed by measuring
changes in a defect-dependent observable, The
decay data are then analyzed in an attempt to gain
insight into the fundamental atomic processes in-
volved in the formation, motion, and annihilation
of the defects.

Several investigators have studied the possible
reactions involved in annealing of point defects. 1=
Johnson® has used a computer to simulate compli-
cated annealing processes and has shown that the
data are not readily related to the assumed pro-
cesses. There is considerable interest in ana-
lyzing annealing data, and several authors have
discussed the assumptions made in various anal-
ysis procedures.®™® However, there has been
very little investigation of the results obtained
with these procedures in cases where the atomic
processes are known,”’
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In this paper, we investigate one data-analysis
procedure, the widely employed slope-change
method for determination of activation energies.
We show that a study of the time derivatives of
the excess-defect concentration may make it pos-
sible to obtain not one, but two quite distinct acti-
vation energies: an instantaneous energy and an
apparent energy. The instantaneous energy is
shown to be characteristic of the actual defect-
annihilation processes whereas the apparent en-
ergy is shown to be related to the rate-controlling
processes. Conventional slope-change data,®
which use only the defect concentration, yield a
single activation energy which is intermediate
between the instantaneous and apparent energies
and is not necessarily characteristic of any single
microscopic process, These conclusions are il-
lustrated with a simplified theoretical model of the
annealing of quenched gold and are then applied
to experimental data on gold,

The annealing of quenched gold was chosen for
this study as it has been studied extensively since
the early work of Kauffman and Koehler,!® De-
spite many experiments and models proposed for
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the annealing process, 11 there remains some un-
certainty as to the explanation of the experimental
results, Identifications of the observed activation
energies are frequently conflicting, '?** and the
details of the shape of the annealing curve have not
been examined.

Our examination of the slope-change procedure
indicates that time derivatives of the quenched-in
resistance are required in order to understand
the annealing processes. Resistance-annealing
data obtained continuously with the sample main-
tained at constant temperature in the annealing
bath can provide continuous time derivatives. Such
information is not obtainable from data derived by
periodically making resistance measurements
with the specimen as it is quenched from the an-
nealing temperature into liquid helium,

We have used a simple differential circuit, orig-
inally developed by Bourassa et al.'*'!% to make
continuous measurements, during annealing, of the
defect resistance of 16-mil wires of 99 9999%
gold, fast quenched from 975 °C. The data are
differentiable, and continuous first and second
derivatives are obtained,

The data are consistent with a model based on
single vacancies, divacancies, and sinks whose
concentration is increasing at small times, The
instantaneous activation energy is found to be
0.52+0,3 eV and is identified with the divacancy-
motion energy. This value of the divacancy-mo-
tion energy differs from that reported by other in-
vestigators. ! The apparent activation energy is
between 0. 70 and 0.95 eV; no attempt is made to
identify it at this time. Some preliminary results
of this study have been published elsewhere, !¢

II. SLOPE-CHANGE METHOD

The slope-change method of analysis has been
discussed previously.®~® We review it briefly in
this section.

For a single thermally activated annealing pro-
cess where the observable parameter is p, we may
write

D f(p)es o, 1)

where E is the activation energy, % is Boltzmann’s
constant, and 7T is the annealing temperature,
From Eq. (1) the activation energy is evidently
defined as
d dp
E==k———In-~.
T s (2)

The so-called slope-change method is based on
Eq. (2). Experimentally, the sample is held at
temperature T'; and annealed; suddenly, at a time
ty, its temperature is changed to T,, and the an-
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nealing rate is changed. In this case the activation
energy E is given by

E:k%l% 1n<—%§i (T, to)/%;2 (T4, to)). (3)
Since both slopes are measured at the same time
t,, the defect concentrations are presumed to be
the same at both determinations.

In practice, the data are not obtained instanta-
neously as assumed above. Theparameter pis usu-
ually measured at discrete time intervals begin-
ning some time after #;,, and dp(t,)/dt cannot be
obtained readily. A smooth curve is usually drawn
through the measured values of p(¢), and dp(t,)/dt
can only be estimated by extrapolation to ¢, from
this smooth curve. There are inherent problems
in determining the slope of a curve at its end point
and so, unless the shape of p(¢) is known in ad-
vance, dp(t,)/dt may not be well determined.
These problems may be surmounted by measuring
p continuously, rather than discretely, and there-
by obtaining accurate time derivatives of p.

There is a more basic problem in the use of Eq.
(3) to determine E. In general, we cannot expect
that annealing is a single thermally activated pro-
cess, as assumed in Eq. (1), and so the assump-
tions leading to Eq. (3) are violated.” For more
complicated annealing processes, it is still pos-
sible to define operationally an effective activation
energy E.; from Eq. (3). However, this E,; is
not necessarily closely relatable to fundamental
atomic processes, We shall use simpler com-
puter-simulated annealing curves to investigate
the relation between the activation energy, thus
calculated, and the microscopic behavior of the
defects.

III. SLOPE-CHANGE SIMULATION
A. Model

We use here a simplified model of the annealing
of quenched gold based on single vacancies V;,
divacancies V,, and fixed sinks S. The following
reactions can occur!’!®;

k12

Vit Vy 2 Ve, Vi+SHS, v,45%s, (4)

The model gives the following coupled differential
equations connecting V;, V,, and S:

== k1zV?' ki ViS+ Ryt Vs,
(5)
== %km Vo= Ry VaS+ %klzvi' ’

SIS

where for the fcc lattice
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(6)

- m - L
by =14ve~ Bl * B) /’T b, = gye~Fz /AT

Here ET is the single-vacancy-motion energy, EF
is the divacancy-motion energy, and B, is the di-
vacancy-binding energy. We neglect differing en-
tropy terms. For discussion purposes in this pa-
per, we first assume that the parameters have
values'?

ET=0.90 eV, EZ=0.70¢eV, B=0.40¢eV. (7)

We shall show later that these values are not con-
sistent with our experimental results, This con-
clusion does not affect the present discussion. We
also assume a constant value for the frequency
factor!®

v=10" min™, 8)

and, for the moment, that divacancies, once
formed, are stable andare the only defects moving
to sinks, so that

ky=ky=0. (9)

We finally assume that the experimental observ-
able is the total vacancy concentration given by

R=V,+2V,. (10)
Thus, from (5) and (10), with assumption (9)

drR _dV, 24V, _
dt_—l-dt +——-adt == 2k, V,S. (11)

In the present model, the divacancies running to
sinks comprise the only directly observable an-
nealing process. Note that if the sink density S
is sufficiently large, the rate-limiting step in this
reaction scheme is the formation of divacancies

Concentration

0 2 4 6 8 10 12
t(10*minutes)

FIG. 1. Total vacancy concentration R, single-vacancy
concentration V;, and divacancy concentration V, versus
time for annealing with a low sink concentration of 1078,
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FIG. 2. Total vacancy concentration R, single-
vacancy concentration Vy, and divacancy concentration
V, versus time for annealing with a high sink concentra-
tion of 1074,

from single vacancies, which determines the con-
centration V,, However, if S is small enough, the
rate-limiting step is the divacancies moving to
sinks, as expressed by the factor k,.

We have solved Eq. (5) with our assumptions at
T =303 °K by computer simulation with the initial
conditions V;(0)=4x10"* and V,(0)=0 for two
limiting cases of large and small sink density,
The initial conditions for V; and V, correspond
roughly to gold rapidly quenched from about 975
°C.% Figure 1 shows the time dependence of R,
Vi, and V, for S=10"%, a very low sink concentra-
tion, Figure 2 shows the behavior of the same
variables for S=10™, a very high sink concentra-
tion, In the low sink concentration case (Fig. 1)
the annealing half-time is long (~40000 min), the
vacancies are mostly divacancies, and the anneal-
ing curve is almost first order. In the high sink
concentration case (Fig. 2) the annealing half-time
is short (~300 minj}, nearly all of the vacancies
are single vacancies, and the annealing curve is
almost second order,

A slope-change run is made experimentally by
annealing at one fixed temperature T, and then
abruptly changing the temperature to a new value
T,. This procedure is readily simulated on the
computer., We begin our simulated slope-change
run with approximately half the initial excess-de-
fect resistance annealed out. The equations are
then solved for the two extreme values of S with
T,=303 °K for 40 min and then with T,=313 °K
for an additional 40 min, The results of these
slope-change experiments can best be seen by
examining the two cases separately.

B. Low Sink Concentration

The slope-change curve for S= 107 is shown in
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FIG. 3. Slope-change annealing for a low sink density.
The first 40 min are at 303 °K and the second 40 min are
at 313°K. (a) The total vacancy concentration R, versus
time; (b) dR/dt versus time.

Fig. 3(a). When the temperature is increased
from 303 to 313 °K the defect concentration R de-
creases more rapidly. The first time derivative
dR/dt is shown in Fig, 3(b). It is a monotonic
function at both temperatures, Using the actual
values of the slopes at ¢=#, in the slope-change
equation [Eq, (3)], we derive an instantaneous
activation enevgy of 0.70 eV, Extrapolation of the
slopes from later times to ¢, gives us an apparent
activation enevgy. In this case, since dR/dt is
monotonic following #,, the apparent activation
energy is also 0.70 eV, In our model, this value
corresponds to the activation energy for the mo-
tion of the divacancies to sinks, which is the de-
fect-annihilating step as well as the rate-limiting
step. In this slope-change run, nearly all the
vacancies were in the form of divacancies before
the temperature was changed (Fig. 1), and so the
temperature change does not appreciably affect
the divacancy concentration. Thus, only the di-
vacancy-motion energy is observed for both in-
stantaneous and apparent activation energies.

C. High Sink Concentration

The slope-change curve for S=10"* is shown in
Fig. 4(a) and the time derivative dR/d¢t is shown
in Fig. 4(b). R decreases more rapidly after the
temperature change than before it. However, dR/
dt is not monotonic for this case. At the instant
of temperature change, the relation between the

single-vacancy, divacancy, and sink concentrations
reflects the low-temperature distribution. Com-
paring annealing rates at the actual time of the
temperature change, we again find an instantaneous
activation of energy of 0.70 eV, This occurs be-
cause, inthe model, the only directly observable
defect-annihilation reaction is that of divacancies
moving to sinks as described by Eq. (11). How-
ever, divacancies are formed faster at the higher
temperature, and the annealing rate increases for
a short time before falling off in the normal fash-
ion because of decreasing total defect concentra-
tion. After the restabilization period during the
first 5 min following the temperature change, the
single vacancy and divacancies reach their proper
relative concentrations at the new temperature,
and dR/dt changes monotonically with time, It is
possible to extrapolate these later values of dR/dt
back to the time of the temperature change as
shown in Fig. 4(b). From the value of the slope
extrapolated to ¢;, we may calculate an apparent
activation energy from Eq. (11). In this case,
the dR/dt curve extrapolated to £=0 gives a value
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FIG. 4. Slope-change annealing for a high sink density.
The first 40 min are at 303 °K and the second 40 min are
at 313°K. (a) The total vacancy concentration R versus
time; (b) dR/dt versus time (left-hand scale, first 40
min; right-hand scale, second 40 min).
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for the annealing rate at the time of the tempera-
ture change which might have been observed had
the divacancies and single vacancies actually re-
turned to local equilibrium fast enough. In Fig,
4, this extrapolation gives an apparent activation
energy of 0.90 eV, This energy, the single-va-
cancy-motion energy, is observed since the di-
vacancy concentration is very small and the for-
mation of divacancies from single vacancies
forms the rate-limiting step if*the annealing pro-
cess over long periods of time,

Thus, in slope-change experiments, there are
two well-defined activation energies. The instan-
taneous activation energy, derived from the ac-
tual values of the annealing rates at time ¢,, al-
ways corresponds to the energy of the annihilation
step-divacancy motion in our model. The appar-
ent activation energy, obtained by extrapolation
of the annealing rate to time {,, reflects the ac-
tual rate-limiting step. In our model of the an-
nealing of quenched gold, }’'!® the single vacancies
react to form divacancies and divacancies anni-
hilate at sinks. The apparent activation energy
corresponds to the divacancy-motion energy for
very low sink concentrations, in which case di-
vacancy motion is the rate-limiting step. How-
ever, for very high sink concentrations, divacancy
formation is the rate-limiting step and the single-
vacancy-motion energy is observed as the appar-
ent activation energy. For intermediate sink
densities, the apparent activation energy would
be between the single-vacancy and divacancy-mo-
tion energies, while the instantaneous activation
energy would always correspond to the divacancy-
motion energy.

In conventional slope-change experiments,? data
are taken at discrete time intervals, and time
derivatives of the data are not obtained directly.
The slope at the temperature-change time is de-
termined by extrapolation from a smooth curve
through the data points. In the very low sink
concentration case, where the slope is monotonic
and very regular, a proper activation energy can
be obtained, since the apparent and instantaneous
activation energies are identical. However, in
the very high sink concentration case, the instan-
taneous and apparent activation energies may
differ considerably, and the annealing rate may
not be monotonic, In this case, the activation
energy obtained by conventional slope-change
measurements and extrapolation may be inter-

mediate between the true instantaneous and appar-
ent activation energies, since curve smoothing
procedures tend to smooth the derivatives. These
conclusions are demonstrated experimentally in
Secs. IV-VI. Gold is fast quenched from high tem-
peratures in order to obtain data corresponding
roughly to our high sink case, It is shown that the
instantaneous and apparent activation energies do
indeed differ and that conclusions based on con-
ventional experiments may be incorrect.

IV. EXPERIMENTAL

The samples were 16-mil wires of nominal
99.9999% gold, produced by Cominco., The size-
corrected resistance ratios of the samples Rygg0%/
R,°x were about 4000. The total impurity content
of the samples, as determined by Cominco after
making the wires, was stated to be less than 0.3
ppm, The wire, as received, was analyzed at the
University of Illinois with a high-resolution mass
spectrograph, and the measured impurity content
is shown in Table I. The impurity concentrations
shown in the table were obtained by comparison
with an N. B. S. standard and are fairly typical of
nominally 99.9999% gold wire. It should be noted
that, even without the oxygen and carbon, the mea~-
sured impurity content of these wires was nearly
two orders of magnitude larger than specified by
the manufacturer,

The samples were heated in a 33-in. furnace to
avoid “hot spots” which are frequently found with
direct-resistance heating. The sample tempera-
tures in the furnace were uniform to +3 °C over the
1-in, central sections of the sample on which mea-
surements were made. The furnace has a slit on
one side and was suspended about 3 in, above a
water bath at 20 °C. The samples were heated at
1050 °C in air for approximately 1 h and then
quenched by dropping them from the furnace into
the water bath, Temperatures were determined
from the resistance of the wires.?' Initially, the
sample temperatures dropped ~75 °C at~5
x10% °C/sec; during this slow temperature drop,
the samples were passing through the insulation
jacket of the furnace, When the samples reached
the water bath, the temperature dropped to ambi-
ence at a rate of about 3 x10* °C/sec.

Bass®® has found that 16-mil gold samples, slow

-quenched in air 700-1000 °C, show quenched-in

resistances which are essentially independent of
the quenching temperature. The quenched-in re-

TABLE I. Mass spectrographic impurity analysis of gold samples used; all numbers in ppm by number of atoms.

Cu Fe Cr Ti Ca K

Si Al Mg Na (e} C

1.1 3.6 1.4 1.6 0.7 3.0

2.5 2.1 1.1 2.0 47 20
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sistance of samples slow quenched from 1000 °C is
much below that of samples fast quenched from the
same temperature, During the initial stages of a
slow quench, the vacancies are, evidently, suffi-
ciently mobile that most of the excess anneals out,
In our case, where the sample cooled relatively
slowly to 975 °C, the vacancy concentration at the
beginning of the fast water quench was probably
close to the equilibrium concentration for samples
at 975 °C, rather than to that at the furnace tem-
perature. The quenched-in resistances of our sam-
ples were close to those obtained by Bass for
quenches from 975 °C. However, we measured the
resistance at room temperature whereas Bass made
his measurements at 4 °K, so a direct comparison is
difficult, The resistance of a vacancy may de-
pend on temperature.?'?* Therefore, the vacancy
concentration in our samples may differ from
Bass’s.? This possible difference does not in-
fluence our results which do not depend for their
interpretation on the actual defect concentrations,
After quenching, the samples were annealed in
a large well-mixed bath of Eloxol No. 13spark-cutter
oil, The bath temperature was held constant to
+0.01 °C by means of a Fisher thermoregulator,
Fluctuations in the bath temperature were mea-
sured with a Beckman differential thermometer,
and the absolute bath temperature was measured
with an N. B. S. -calibrated mercury thermometer.
The defect resistance of the sample was mea-
sured in the annealing bath using a simple differ-
ential technique originally developed by Bourassa
etal. ™1 In this method the sample tobe quenched
and a dummy of the same material are initially
placed in the temperature-stabilized annealing
bath. The sample and dummy are on the two
sides of a differential circuit., The relative cur-
rent in the two branches of the circuit is adjusted
until the differential voltage drop is zero. The
sample is then heated, quenched, and returned to
the annealing bath. The differential voltage mea-
sured is then the voltage drop across the sample
due to the resistivity and dimensional changes re-
sulting solely from quenched-in defects. This
circuit is usable only because the sample and
dummy are maintained in the same annealing bath,
Hence, the very small temperature fluctuations of
the bath do not greatly affect the differential volt-
age drop. In practice, the noise in the differential
voltage is about +2 x10® V, where V is the volt-
age drop across the sample., The differential
voltage drifts at less than 1 xX10® V/h. The prin-
cipal source of the noise in the differential volt-
age is the temperature fluctuations of the anneal-
ing bath, The differential voltage is partially off-
set with a uV potentiometer, and the deviation
from the potentiometer null is followed on a pho-

1o

toelectric amplifier and chart recorder, This
system makes it possible to measure the defect
resistance to about +2 X10®R,, where R, is the
sample resistance. Simultaneously, the defect
resistance is plotted continuously as a function of
time on a chart. The continuous plot of defect
resistance on the chart paper is later digitalized
for computer analysis of the data.

Activation energies were determined by the
slope-change method using the continuous values
derived for the time derivatives. To effect the
small temperature step for this method, the sam-
ple was carefully removed from the annealing bath
to avoid deformation and rapidly cooled to — 50 °C
by suspending it over liquid nitrogen. The bath
temperature was then changed to a new value and
the sample was restored to the bath, This pro-
cess required 10-15 min, When the cold sample
was placed in the oil bath, the bath temperature
was disturbed by about 0.1 °C. This temporary
instability in the bath introduced considerable
noise into the measured differential voltage.
Therefore, data were not taken in the initial 13-2
min at the new temperature while the bath was re-
covering. It is clear that in future experiments it
will be desirable to use two annealing baths to
obviate such problems.

V. EXPERIMENTAL RESULTS
A. Annealing Kinetics

Quenched-in defects cause an increase in the
resistance of the sample, This defect resistance
then decays as the defects anneal out, In studying
the annealing kinetics, it can be useful to neglect
the permanent defects which do not anneal out under
the experimental conditions, In this case, one

] | | L | l
) 200 400 600
t (minutes)

FIG. 5. Defect resistance AR divided by the sample
resistance R,gg versus time for a sample quenched from
975°C and annealed at 30°C.
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examines not the defect resistance Ap(¢), but rath-
er

AR(#)=2p(t) = Ap(x). (12)

We shall, henceforth, call AR(t) the defect resis-
tance and neglect those defects, such as tetrahe-
dral stacking faults, 2*°® which do not anneal out at
low temperatures.

Values for AR(t) are shown in Fig, 5 for a gold
wire quenched from 975 °C and annealed at 30 °C.
Figure 5 and others in this paper are actual plots
of data points and not smooth curves drawn through
the data points. The curve in Fig. 5 shows a typ-
tcal S shape characteristic of the annealing of
quenched gold, 2" Initially the annealing is slow,
then speeds up, and then slows down again, This
tendency is more evident in Fig. 6 where the time
derivative dAR/dt is shown. Figure 6 was obtained
by smoothing and differentiating the data shown in
Fig. 5. Figure 7 shows d?AR/d¢®, the second de-
rivative of the data shown in Fig, 5. For small
times, the rate of increase of the annealing rate
is found to be actually increasing,

The defect resistance AR(t) is plotted in Fig. 8
for another sample quenched from 975 °C and
annealed at 70 °C. In this case, data were taken
out to 407, 5, where T,/ is the time for half the
excess resistance to anneal out, Here the data
show the hyperbolic shape characteristic of a
second-order annealing process, For a second-
order annealing process

dAR

Lo _a(ARP 13)
= (AR, (
and hence,
Y 1 T | 1 |
T
(8]
& -2% =
0 i
e §
—*i —
[e0) %
x| o
g -4t |
o5 | _
_6_ —
| i | 1 | |
0 200 400 600
t (minutes)

FIG. 6. (d/dt)(AR/R,gg) versus time obtained from
the data in Fig. 5 by smoothing and differentiating.

05 T I | T T

% a0

-5 | | ! | | 1
0 200 400 600

t (minutes)

FIG. 7. (d%/dt?)(AR/Ryg,) versus time obtained from
the data in Fig. 6 by smoothing and differentiating.

ﬁ %Atﬁ =-qaAR, (14)
where a is the second-order rate constant. For a
pure second-order annealing process, a plot of
(1/AR)(dAR/dt) against AR should yield a straight
line of slope —a. The function (1/AR)(dAR/dt) is
plotted against AR in Fig. 9; the original data are
those shown in Fig. 8, For small times, the an-
nealing is clearly not second order. This is also
readily seen in the S-shaped curve of Fig., 5. For
sufficiently long times, when most of the resistance
is already annealed out, (1/AR)(dAR/dt) as a func-
tion of AR is almost a straight line, However,
there are small deviations, This is seen from the

I T T I
1.6 -
><IO_2 ll: |
1
]
L2 .
i
[}
i ]
4
o 0.8 4\ -
x| o
< n:N F -
0.4 |- -
| | t + 4 b
0 80 160 240 320

t (minutes)

FIG. 8. Defect resistance AR divided by the sample
resistance Rygg versus time for a sample quenched from
975°C and annealed at 70°C.
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FIG. 9.
straight line is drawn through the origin for comparison

purposes.

straight reference line in the figure. Computer
fitting of the data indicates that the deviations from
a straight line are systematic. For this, and sev-
eral other annealing curves carried almost to
completion, the annealing was never found to be
truly second order.

B. Activation Energies

Activation energies were obtained with Eq. (3)
from the slope-change data. Data for one slope-
change run are shown in Fig, 10. This sample was
quenched from 975 °C and annealed at 37 °C until
only 15% of the quenched-in defect resistance re-
mained, At that time, the annealing temperature
was changed from 7, =37 °C to T,=49°C. The
annealing curve AR(t) at T, is plotted in Fig. 10(a).
This curve was smoothed and differentiated to ob-
tain dAR/dt plotted in Fig, 10(b). The time deriv-
ative is quite well determined. It is possible to
obtain a value of dAR/d#(T,, t,) at the time of the
temperature change by extrapolating dAR/dt back-
wards from large times, Two possible extrapola-
tions are shown in Fig. 10(b). Clearly, the extrap-
olation is not well determined by these data. The
value of dAR/dt(Ts, t,) extrapolated from large
times and used to derive E,, is quite different
from the actual measured value near ¢, used to
derive E ;.

Using the actual values of dAR/dt near the time
t, of the temperature change, we obtain values for
E;,s. Figure 11 shows values computed for E,
for one sample as a function of the fraction of the
quenched-in resistance not yet annealed out., De-
tailed information about this run is in Table II.

The values of dAR/dt were corrected for a small
apparent temperature dependence of the vacancy
resistance. This correction was — 0.01 eV, which
was smaller than the random errors. Random
errors were estimated from the scatter of the
derivative curves. The data in Fig. 11 are for
one sample; other samples gave similar results.
Qualitatively, E,, is large initially and falls
rapidly to a constant value of 0.52 + 0.03 eV,
Neglecting the initial annealing of the quenched-
in defects, E,,; does not show any systematic
dependence on either T, or T, or on whether T, is
less than or greater than 7,., Activation energies
close to this value have been observed previously
by Koehler and co-workers, 3

The extrapolations shown in Fig. 10 give a value
of E,,, between 0.70 and 0.95 eV, The apparent
activation energy, characteristic of the rate-con-
trolling annealing step, was even less well de-

2.2 Fi l | J
o 8 16 24 32
t (minutes)
(b)

FIG. 10. Annealing curve after changing the sample
temperature from 37 to 40°C. (a) AR/Ryg versus time;
(b) (d/dt) (AR/R,gs) versus time obtained from (a) by
smoothing and differentiating. Two possible extrapola-
tions of (d/dt)(AR/Rygg) from long times to zero are in-
dicated.
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TABLE II. Details of the slope-change run for which
activation energies are shown in Fig. 11. T is the tem-
perature of the anneal and ¢ is the time at temperature
T. Ej is the instantaneous activation energy obtained
by slope change.

T (°C) t (min) Ejpsi(eV)
27.71 15

0.86 +0.04
37.48 15

0.56 +0.03
27.91 14

0.53 £0.02
37.98 15

0.48 +0.03
28,44 15

a

38.37 16

0.54 +0.02
28.21 20

0.53 £0.,02
38.16 20

0.54 +0.02
28.53 30

0.55+0.02
38.27 30

a

48.77 30

0.52 £0.02
37.15 40

0.47 +£0.03
48.91 32

2Energy not determined because of experimental dif-
ficulties.

termined for other annealing runs., Most of the
runs were short and at low temperatures in order
to obtain good values of the instantaneous activa-
tion energy. E,,, could be obtained more precise~
ly with long runs at higher temperatures,
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FIG. 11. Instantaneous activation energy Ej,q; versus
fraction of quenched-in resistance remaining for a sample
quenched from 975°C. Detailed information about the
run is in Table II.
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1 | 1 1
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FIG. 12. R versus time for a model assuming fixed
sinks (solid line) and a model assuming growing sinks
(dashed line).

VI. DISCUSSION

In Sec. V we have found two new fundamental
results for the annealing of gold quenched from
high temperatures. We have the continuous first
and second derivatives of the annealing curves and
accurate values of the instantaneous activation en-
ergy. In the remainder of this paper, we shall
examine a simple model which is consistent with
the observed annealing curves and their deriva-
tives, We shall also examine the instantaneous
activation energy and ascertain its physical sig-
nificance.

A. Annealing Kinetics

The standard reactions for the annealing of
quenched gold were given in Eq. (4). These in-
volve motion of single vacancies and divacancies to
sinks and neglect higher-order defects and impu-
rities, This model is not sufficient to explain
tetrahedral-stacking fault formation, 2:26:28:2 put
is qualitatively correct. This model is justified
by the observation of approximately second-order
kinetics for long times (Fig. 9) and the finding of
annealing activation energies which clearly cannot
correspond to single-vacancy motion, 12

We have integrated the coupled differential
equations [Egs. (5)] arising from the reactions for
T=30°C and an initial condition corresponding
roughly to gold quenched from 975 °C.% Here,
we assume

v,(0)=4x10™, V,(0)=0,

and use Egs. (6)for &y, ky, k5 and ky. We have ex-
amined two models. Model 1 assumed a constant
sink concentration, S=10% and v =4 x10" min™,
Model 2 assumed that the sink concentration in-
creased proportionately to time, S=5X10" (in
min) and v =5 x10'* min™. The value of v was
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FIG. 13. d2R/dt® versus time based on Fig. 8.

chosen to give computer-generated R-versus-¢
data similar to the experimental data. R is plot-
ted versus ¢ for both models in Fig. 12. Both
plots are quite similar to the experimental data
of Fig. 5. For both models, dR/dt is qualitative-
ly similar to the experimental results. However,
the second derivatives d?R/dt?, shown in Fig. 13,
are qualitatively similar to the experimental re-
sults, Fig. 7, assuming sinks which grow during
the anneals (dashed curve) but are dissimilar
assuming constant sinks (solid curve). This
agreement, assuming growing sinks, is physically
reasonable. There is considerable experimental
evidence that tetrahedral-stacking faults nucleate
during the initial stages of annealing and grow
subsequently, 25+26

The behavior of d?R/d¢* for both models is sim-
ilar to the experimental result for large times,
Hence, it is important to determine whether the
number of sinks continues to increase at large
times or only increases for a short initial time
period. However, the qualitative agreement be-
tween experimental results and model is encour-
aging.,

In Fig. 9, we showed that dR/dt is not experi-
mentally exactly second order in R, Neither of
our models gives strictly second~order annealing
kinetics, The value of (1/R?)(dR/dt) is plotted as
a function of time in Fig, 14 for the fixed-sink
model and becomes approximately constant only
for annealing times greater than roughly 307, /5.

B. Activation Energy

In Sec. VI A, we have found thatthe usual model
of the annealing of quenched gold which involves
single vacancies, divacancies, and sinks, !"**® can
satisfactorily account for the observed annealing
curves, provided the sink concentration is in-
creasing at small times., We now wish to use this
single-divacancy model to understand the observed
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activation energies.

The experimental instantaneous activation en-
ergies E, , are plotted in Fig. 11. After a brief
initialization period, E;,, becomes constant at
0.52+0.03 eV. This energy clearly cannot be a
single-vacancy-motion energy: When this value
is added to the (approximate single-vacancy-
formation energy of 0,95 eV, 23 the sum 1,47 eV
is far smaller than the experimentally determined
activation energy for gold self-diffusion 1.83 eV, 3
The instantaneous activation energy must be char-
acteristic of some basic defect motion, since it is
determined by the defect-annihilating step in the
recovery process., The obvious choice is the di-~
vacancy. Inthe models which give qualitative
agreement with experiment, both single vacancies
and divacancies annihilate. If divacancies are
much more mobile than single vacancies, E,,
should be essentially equal to E7 the divacancy-
motion energy.

Activation energies near 0,52 eV have been ob-
served previously but have not been interpreted as
the divacancy-motion energy., Koehler and co-
workers®'? observed activation energies only slight-
ly larger than 0. 52 eV for gold samples fast
quenched from high temperatures. These activation
energies were determined by conventional slope-
change methods and did not distinguish between the
instantaneous and apparent activation energies.
Bauerle and Koehler® annealed approximately 6
min at temperatures of 30 and 40 °C and obtained
activation energies between 0. 53 and 0. 69 eV. de
Jong and Koehler® also annealed at 30 and 40 °C
and found a time dependence of the activation en-
ergy. They found energies which increased from
0. 55 to 0,69 eV, while the time at the annealing
temperature was increased from less than 30 min
to 10 h. In short anneals, conventional slope
change can give activation energies comparable to
E,,:. However, with long anneals conventional
slope-change methods could give a higher value of

-40 |-
L ! ! !
(0]

500 1000 1500 2000 2500
t(minutes )

FIG. 14. (1/R»(dR/dt) versus time for a model
assuming fixed sinks,
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the activation energy, since the single vacancies
and divacancies can approach a steady state.

The low activation energy was interpreted by
de Jong and Koehler as being E3' — B,, when B; is
the divacancy-binding energy. They arrived at
this conclusion by assuming that single vacancies
and divacancies are always in equilibrium. This
assumption is not in agreement with either our
observed difference between E; ; and E,,, or with
their own changing value of the activation energy.
Our computer simulations of the slope-change pro
cess clearly show the effects of reequilibration of
single vacancies and divacancies (Fig. 4). The
new value of the divacancy-motion energy of 0. 52
eV is significantly smaller than the previously
accepted value of 0.70 eV,

From our results, the instantaneous activation
energy is found initially to be considerably larger
than 0.52 €V, During this initialization period,
sinks are growing and the divacancy concentration
is increasing rapidly., The interpretation of E; ;
during this complicated initialization period is un-
certain,

We have made one evaluation of the apparent
activation energy, which is determined by the
rate-controlling annealing step. From extrapola-
tion for long times after £, E,,, is found to be be-
tween 0.70 and 0.95 eV, This is the range of
activation energies found by most other experi-
menters using more conventional techniques, 12:17:18
Further experiments to determine E,;,, much more
accurately may give more insight into the micro-
scopic atomic processes in annealing of quenched
gold. The absence at this time of additional data
using the new measuring technique makes it un-
fruitful to speculate on the interpretation of other
activation energies obtained in earlier experi-
ments,

VII. CONCLUSIONS

In this paper, we have shown that conventional
slope-change activation energy measurements do
not necessarily yield physically significant re-
sults in quenching experiments because of tran-
sient effects. There actually exist two activation
energies: the instantaneous energy characteristic
of the defect-annihilation step and the apparent
activation energy characteristic of the rate-con-
trolling step. Measurement of these two activation
energies requires continuous time derivatives of
the defect concentrations,

We have examined the resistivity annealing of
high-purity gold quenched from 975 °C. We have
used a new technique which gives the defect re-
sistance continuously and which allows us to ob-
tain first- and second-time derivatives of the
resistance.

We have examined the second-time derivative of
the resistance-annealing curves and have shown
that it is compatible with a model involving single
vacancies, divacancies, and a concentration of
sinks which increases with time, at least for small
times. The data are not consistent with a fixed-
sink concentration,

We have shown that the instantaneous activation
energy is 0.52 + 0.03 eV and that this value is
most probably indentifiable with the divacancy-
motion energy.
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Plasma Effects on Transition Radiation from Metal Foils*
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The transition radiation emitted from a thin metal foil bombarded by electrons is calculat-
ed, taking into account the excitation of plasma waves in the foil. The correction the plasma
waves introduce varies greatly in different cases and can be of the order of 10% or greater
at the frequency at which the radiation has its peak intensity.

I. INTRODUCTION

Transition radiation is the radiation emitted
due to the passage of a charged particle through
an inhomogeneous medium, for example, as in
crossing the boundary between two media of dif-
ferent dielectric constants. This radiation, first
discussed by Frank and Ginzburg' in 1945, has
been the subject of increasing interest in recent
years.

The transition radiation is a consequence of the
boundary conditions appropriate to the given sit-
uation. To calculate the transition radiation, one
applies these conditions to the fields at the bound-
ary crossed by the particle, while the media on
either side of the boundary are described in some
suitable way.

Problems in electromagnetic theory involving
boundaries, such as transition radiation or the
derivation of Fresnel’s formulas, are usually
worked under the assumption that the media in
question are described by their dielectric con-
stants, permeabilities, or refractive indices.
Recently, Sauter? pointed out that this approach
failed to take into account the possibility of exci-
tation of plasma waves in the case of metals, so
that, for instance, there should be corrections to

Fresnel’s formula for the reflection coefficient of
a metal surface in certain circumstances.

It is of interest to consider what effect these
plasma waves would have on transition radiation,
since the targets usually used for experimental
investigations are thin foils of aluminum, silver,
or similar metals. Forstmann® has done such a
calculation for electrons incident (obliquely) from
vacuum on a semi-infinite metal. This paper re-
ports the calculations for a thin metallic film.

II. FUNDAMENTAL EQUATIONS

The equation of motion of a degenerate electron
gas in the metal is given by

> > -> e = > W2
v(r, t)+f\7(r,t)=—7~n E(r,t)—;; wn(,t) , (1)

where the constant W2=£v% for a completely de-
generate electron gas with a Fermi velocity vp.
Further, V is the velocity of an element of the
electron gas, ny is the equilibrium number density
of the electrons (and constant density of the posi-
tive ions), » is the deviation of the electron num-
ber density from ny, —e/m is the charge to mass
ratio of an electron, f is the inverse of the relax-
ation time of the electrons, and E is the total
¢<eiectric field inside the metal. Assume that »
Nge.



